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Fig. 8 Unbuckled Plate Fringe Pattern 
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Fig. 9 Buckled Plate Fringe Pattern 
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AN OPTICAL METHOD FOR THE DETERMINATION 
OF BUCKLING DEFLECTIONS 


by 
beecol. Web. lieeins ves 
and 
Lt. D. W. Mathews, USN 


Stanford University 
Stanford, California 


INTRODUCTION 


Success in experimental research depends upon the ability to measure 
length, time, and mass with precision. Thus over the years, much thought 
has been devoted by experimentalists to techniques for determining these 
quantities. Optical methods have long been accepted as the most precise 
for the determination of the flatness or shape of an object. Therefore, 
all engineers are acquainted with the principles of interferometery, the 


diffraction grating and the use of the optical comparator. 


The structural problem with which we have been concerned is the 
determination of time of buckling and mode, in a plate heated in its 
center. It is clear, in a problem of this kind, that the means of meas- 


urement should not influence the results of the experiment. 


Thus in our planning, many kinds of transducers or methods ay, 
considered, but in each case we found that there was an inter-action 
between transducer and the plate. Among the types of transducers we 
considered were: capacity type, gages,. variable reluctance pick-ups and 


ee 
The research outlined in this paper was sponsored by the United States 
Air Force under contract no. AF49(638)-223, and was carried out in the 
Department of Aeronautical Engineering at Stanford University under the 
direction of Professor W. H. Horton. 2 
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also linear potentiometers. They were all discarded in favor of an 
optical method. Clearly, a straight modification of the basic inter- 
ferometric principle used for the determination of flatness is not 
possible, because the heat would cause the optical flats normally used 
on this type of work, to distort and so would interfere with our 
results. But the "Moire" pattern to be described in this paper does 
not have this disadvantage, nor indeed does it in any way interfere 


with the problem. 


As we shall show, the method is extremely simple, accurate, low 

in cost, and readily available in any research laboratory. Indeed, the 
phenomenon has been observed by us all, usually without appreciating its 
Significance. Most of us have noticed that the overlapping of two lat- 
tices of nearly equal mesh produces visible fringe patterns when viewed 
against a light background. Because this effect is merely mechanical, 
and is not related to the nature of the light employed, it is convenient 
to refer to it as mechanical interference. It is the purpose of this 
paper, to investigate the possible uses of this phenomenon in connection 


with the determination of the buckling of plates. 


GENERAL 


When a@ unitormm set of parallel lines, produced on a ytransparens 
material, is superposed on another set of identical lines and moved in 
@wairecvion normal Go them, wewgeusalvernate light and dark lines 
fic. 1). This variation is produced as the two sets of lines alter- 
nately overlap and interlap and is strictly a mechanical effect. If 
the spacing of one set of lines differs slightly from the other, the 
alternate areas of light and dark occur without relative movement 


eie.2).. The dark areas parallel to the lines are interference fringes. 


Fringes are also visible when a set of parallel lines, produced on 
a transparent material, is superposed on another set of parallel lines 
at a slight angle (Pitcecy The greater the angle between the sets of 


lines, up to a limit of ninety degrees, the greater the number of fringes. 
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For small angles, the fringes are at almost right angles to the lines. 
The relation being given as 90 += where B is the angle between the 
sets of lines. lIf h is the line spacing, the fringe spacing is 

i cosecant - This type of mechanical interference is known as "Moire" 
fringes; the name coming from the French and meaning: “having a wavelike 


pattern’. 


The physics of the method is extremely simple, it is nothing more 
than the reflection of a ray of light from a surface (fig.4). The change 
in angle of reflection is twice the change in angle of the reflecting 
surface. If the deflection of a reflected light ray is measured at a 
known distance, the change in slope of the surface can be calculated from 
geometry. As a simple expedient in bookkeeping of the rays, we use move- 
ment in one direction and alternate the color of the rays in that fesse Hon, 
In our case we use alternating black and white parallel lines. Sensitivity 
of the system can be increased by measuring movement of the associated. 
"Moire" fringes. The sensitivity is directly proportional to the cotan- 


gent of the angle of rotation between the two sets of superposed lines. 


The method is not new. It was first reported in 1948 by Weller and 
Shepard. of the Naval Ordnance Laboratory, Washington, D.C. Their short 
paper described some of the possibilities of the method. It was followed 
in 1955 by a paper given by Ligtenberg from the Technological University 
of Delft. This paper was titled "The Moire Method - A New Experimental 
Method for the Determination of Moments in Small Slab Models”. Ligtenberg 
placed a model with 4 Mirror ‘Suriace in front of a Circular sereens an 
which was ruled six lines per inch. From the center of the back of the 
screen, he viewed the reflected lines shown in the mirrored surface. 
Using a camera, he recorded the initial position of the reflected lines. 
The model was then loaded in such a manner that the deflections were 
normal to the screen and hence the change in slopes of the model surface 
caused the reflected lines to appear in a different position. <A second 
exposure was superposed on the same film and consequently after develop- 
ment , "Moire" fringes appeared. From geometry, siopes of the model were 


calculated. 
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DEVELOPMENT 


In order to develop a satisfactory procedure for measuring buckling 
deflections in the thermal stress problem, work was divided into three 


stages: 
1. Development of the basic optical and photographic techniques. 


2. Application of the techniques to a flat plate simply supported 


on two edges. 


3. Actual application to the thermal stress problem involving 


Gato adacc. 


The first stage: A polaroid land camera was used to make a lantern 
slide transparency of a set of ruled parallel lines. line and spacing 
width was one-sixteenth of an inch. A 35 mm slide made from the trans- 
parency was projected on a 10 X 12 inch alzac test surface with a La 
Belle 500 projector. The image of the lines was reflected from the test 
surface to a 20 X 20 X 1/8 inch milk glass focusing plate. The optics 
and equipment were symmetrically placed with respect to a horizontal 
juene, with the parallel tines and supporting edges of the test plate 
also horizontal eyes 5) This orientation provided maximum intensity 
and contrast because of the surface condition of the test plate. In 
femieeacuure Of une alzaec, minute scratches were made On Ehe Surrace in 
line with the direction of rolling. These caused diffusion of the 
reflected light. With the projected lines oriented at right angles to 
wiremecravenes, the Gittusion ©: JipsnG reimi oreed the tines andmience 


intensity and contrast were at a maximun. 


The second system of parallel lines was formed by placing paper 
Strips across the back side of the milk glass, inclined by about ten 
degrees to the reflected horizontal lines. The optical distance of five 
feet produced lines of approximately three-sixteenths of an inch wide. 
Intensities of the two sets of lines were matched by varying the density 
of the paper strips. The "Moire" fringe lines which appeared on the 
milk glass were successfully photographed with a Speed Graphic Camera 
(Pie 6). 


Seale 


—— 








a a ee a Ye 
a ee 2 a 2 


e 
® 
r 
6 
e 
fa 
. 
a: 
a 


FIRST STAGE APPARATUS 





MmTM CNM CUNAMIM MM TAS. NM AMNTTIDYN 





= # 


It was found that the accuracy of the line spacing was most important 
in order to produce smooth fringes. Drafting tools were used to rule ane 
set of lines photographed in this test, but the uniformity of spacing was 
not the best. It was also found that more lines per inch were necessary 


to eliminate the jagged appearance of the fringes. 


In the second stage, the geometry of the optics in the simply sup- 
ported plate problem was as shcwn in figure 7. Two assumptions were made 
in our analysis. Delta is much less than B and tan 2® is much less 
than one. Since the deflection of the plate is of the order of one-tenth 
of an inch and B is of the order thirty inches, delta can be neglected. 
The movement of the projected lines on the focusing plate is a function 
of the angle Q , which varies for each line. The angle Q@ correspond- 
ing to any projected line can be obtained from geometry. The maximum 
Mente Or Pcam OQ is O.15 ander aringe movements up £o.abous 25.inchesr 
the error in assuming tan Q@ tan 26 equal to zero is less than 1%. 
Therefore, the equation reduces to D= 8B tan 26 and a solution for 


the slope @ for any observed line displacement is obtainable. 


One main advantage of this method of measurement lies in the sensi- 
tivity which is gained by measurement of the relatively large movement 
of the fringe I’ for small movement of the reflected line D. The 
slope at a distance x from the origin is therefore determined from the 


18 
equation tan 2¢= 5 tan je 2 


To demonstrate the sensitivity, three central deflections were used 
at the one-quarter point of the test specimen. The angle between the 
sets of lines being 10 degrees. For a central deflection of one-tenth 
of an inch, the fringe movement corresponding to the change in slope at 
the one-quarter point was 7 inches. For a deflection of one one-hundredth, 
the fringe movement was approximately three quarters, and a one one- 
thousandth, a sixteenth. The high sensitivity achieved with this method 


is evident. 


The development is now in the third stage and is based on the follow- 
ing proposal (eigeo). In the actual experiment, temperature and deflection 
will be recorded versus time from the instant the heat source is turned 


on until thermal equilibrium is reached. A motion picture camera will be 
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used to record changing position of the fringes. A stop watch and scales 
will be included in the photograph to indicate the time on each frame of 
the film and establish the magnitude of fringe movement. The determination 
of time of initial buckling is simply determined by noting when movement of 
the fringe is apparent in the developed film. The actual movement of the 
fringes can be read by enlarging the appropriate frame for any given time, 


to a convenient size. 


In testing the thermally stressed disc, it was desired to mount the 
@icsc in a horizontal position, therefore, two plate glass mirrors were used 


ie retlect the light rays to a more convenient position. 


In preparing the slides for the final test, it was found that cello- 
phane tape was available in widths of one-sixteenth of an inch and larger 
and in a variety of colors. The tape is sold under the trade name of 


Applied Graphics Corporation Drafting Tape. 


A very precise set of parallel lines was constructed using three 
thirty-seconds tape, on frosted glass. This width was convenient to work 
with and the glass made it easy to adjust the tape. The use of tape also 


Save maximum definition to the line edge. 


One of the problems with the earlier black and white lines was locat- 
ing on the focusing plate, a point corresponding to a specific point on 
the test surface. A particular line could be traced through the optical 
System but because of the nature of the pattern, the lines soon begin to 
interchange and were difficult to follow. The new set was made using 
colored lines alternating black, green, red and blue. The lines, laid 
out in a fifteen inch square on the frosted glass, were photographed with 
a speed graphic camera using strobe illumination. The second set of lines 
was constructed with a spacing of thirty-six lines per foot by making a 
positive from a black and white negative. DuPont "Cronar", a dimension- 
ally stable, high contrast litho film was used for the positive and is 
available in 22 X 29 inch sheets. The positive was sprayed with "Quik- 

tick", a spray adhesive, on the emulsion side and simply stuck to the 


two and one-half foot square milk glass focusing plate. 


ae 


5 





A LaBelle 500 projector is used to project the two by two slides 
oriented with the lines vertical, to eliminate problems caused by the 
double image from the first surface of the mirror. In other words, the 


Lines are simply reinforced by their own image. 


The set of lines is reflected from the first mirror to the reflect- 
ingsourtace ii the alzac vest dise® phen co Gene Second) mirror angeenea lly 
through the second set of lines onto the milk glass. From the opposite 
side of the focusing plate, the individual lines and "Moire" fringes are 
clearly visible. Figure 9 illustrates the fringe pattern before buckling 
and figure 10 shows the fringes after buckling. The figures were taken 
from a 16 mm movie of a test run. The fringe movement is converted to 
slope using the derived formula and deflection obtained by graphical 


integration of the slope function. 


CONCLUSIONS 


in conclusion I would like to say, while further development is 
clearly required, we believe that this presentation of the "Moire" method 
has demonstrated that it is possible to determine the time of buckling 
Ol Geweoaced bOay With precision, that it is feasible co derermmine sac 
mode of buckling over a relatively large area and that the equipment 
needed for such investigation is simple, inexpensive and readily available. 
Since contact with the object under investigation is totally unnecessary, 
the method can be applied in cases in which environmental conditions or 
interaction problems make the use of normal instrumentation either extreme- 


iy damirea! bor not applicable. 


It is important to point out that changes in deflection are derived 
from changes in slope, and therefore the technique is nol restricted to 


initially plane surfaces or unloaded specimens. ' 
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